We report on the evaluation of an optical lattice clock using fermionic 87 Sr. The measured frequency of the 1 S 0 → 3 P 0 clock transition is 429 228 004 229 873.7 Hz with a fractional acuracy of 2.6 × 10 −15 . This evaluation is performed on m F = ±9/2 spin-polarized atoms. This technique also enables to evaluate the value of the differential Landé factor, 110.6 Hz/G. by probing symmetrical σ-transitions.
INTRODUCTION
The possibility to build high accuracy optical clocks with 87 Sr atoms confined in an optical lattice is now well established. Since this idea was published 1 experiments rapidly proved the possibility to obtain narrower and narrower resonances with atoms in the Lamb-Dicke regime . [2] [3] [4] The thinnest observed resonances now have a width in the Hz range 5 and the corresponding anticipated fractional frequency instabilities are better than 10
over 1 s of averaging time. On the other hand, systematic effects were also shown to be highly controllable. It was theoretically demonstrated that the residual effects of the atomic motion could be reduced down to the 10 −18 level for a lattice depth as small as 10 E r , 6 with E r the recoil energy associated to the absorption or emission of a lattice photon. Higher order frequency shifts due to the trapping light were then also shown to be controllable at that level 4 * . Altogether, the accuracy of the frequency measurement of the 1 S 0 − 3 P 0 clock transition of Sr has steadily improved by four orders of magnitude since its first direct measurement in 2003 . 7 Three independent measurements performed in Tokyo university , 8 JILA 3 and SYRTE 9 were reported with a fractional uncertainty of 10 −14 giving excellent agreement. Recently, the JILA group improved their uncertainty down to 2.5 × 10 −15 , 10 a value that is comparable to the frequency difference between the various primary standards throughout the world. We report here a new and independent measurement of this clock transition with an accuracy of 2.6 × 10 −15 . The major modification as compared to our previous measurement is an improved control of the Zeeman effect. By applying a bias field of typically 10 −4 T and pumping atoms in extreme Zeeman states (we alternate measurements with m F = +9/2 and m F = −9/2) we cancel the first order Zeeman effect while getting a real time measurement of the actual magnetic field seen by the atoms. The measured frequency of the 1 S 0 → 3 P 0 clock transition of 87 Sr is measured to be 429 228 004 229 873.7 (1.1) Hz. This value differs from the one of Ref.
10 by 0.3 Hz only.
THE CLOCK

Experimental setup
The apparatus is derived from the one of Ref. 9 The clock is operated sequentially, with a typical cycle duration of 400 ms. We use a dipole trap formed by a vertical standing wave at 813.428 nm inside an enhancement FabryPérot cavity. The depth of the wells of the resulting lattice is typically 100 µK. A beam of 87 Sr atoms from an oven at about 450
• C is sent through a Zeeman slower and then loaded into a magneto-optical trap (MOT) based on the 1 S 0 → 1 P 1 transition at 461 nm. The MOT temperature is about 1 mK. The dipole trap is aligned in order to cross the center of the MOT. Two lasers tuned to the 1 S 0 → 3 P 1 and 3 P 1 → 3 S 1 transitions, at respectively 689 nm and 688 nm, are superimposed on the trapping laser. The atoms that cross these beams are therefore drained into the metastable states 3 P 0 and 3 P 2 , and those which are cold enough stay trapped in Figure 1 . Spectrum of the carrier and the first two sidebands of the trapped atoms. The ratio between both sidebands is related to the population of the ground state of the trap. Here 95 % of the atoms are in the lowest motional level.
the wells of the lattice. The MOT and drain lasers are then switched off and the remaining atoms are optically pumped back to the ground state, where they are further cooled using the narrow 1 S 0 → 3 P 1 transition. About 95 % of the atoms are cooled down to the ground state of the trap (see Fig.1 ), corresponding to a temperature of 3 µK. Then they are pumped alternately into either the (
Zeeman sub-state. This is done thanks to a bias magnetic field of about = 10 −4 T and a circularly polarized laser (alternately σ + and σ − ) tuned to the 1 S 0 (F = 9/2) → 3 P 1 (F = 9/2) transition. To be resonant with all the various allowed transitions, the transition is power-broadened to a few hundreds of kHz. The magnetic field can then be switched to a different value (up to a few G) for the clock transition interrogation. We used a π-polarized laser at 698 nm to probe the 1 S 0 → 3 P 0 transition with adjustable frequency to match the desired (m F = ±9/2 → m F = ±9/2) transition. One series of measurements have been performed with a different polarization and frequency in order to probe the (m F = ±9/2 → m F = ±7/2) transitions. Finally the populations of the two states 1 S 0 and 3 P 0 are measured by laser induced fluorescence using two blue pulses at 461 nm separated by a repumping pulse.
Principle of measurement
To perform the spectroscopy of the clock transition, we use an interference filter stabilized extended-cavity diode laser at 698 nm .
11 It is referenced on an ultra-stable cavity of finesse F = 25000 whose frequency is constantly measured by means of a femto-second fiber laser 12, 13 referenced to the three atomic fountain clocks FO1, FO2 and FOM. The link between the cavity and the frequency comb is a fiber link with a phase noise cancelation system that corrects for the fluctuations of the fiber length. The beam is sent to the atoms via an acousto-optic modulator (AOM) driven at a computer controlled frequency. Each transition is measured 32 times before we switch to the opposite one. We first probe one side of the resonance, then the other. The difference between the two probabilities is used to generate an error signal that servo-controls the AOM. By switching from side to side, we lock the laser frequency to the resonance. The same work is performed for the 32 following cycles on the symmetrical resonance. We interleave 64 cycles at a certain dipole trap depth, then 64 with another depth, and repeat these sequences over typically one hour.
This operating mode allows the independent evaluation of three clock parameters. The difference between the frequency measurements made for each Zeeman sub-state can be used to accurately determine the magnetic field. As we switch to the other resonance every 32 cycles, this gives a real-time calibration of the magneticfield averaged over 64 cycles. The global average of the measurement is the value of the clock frequency and is independent on the first order Zeeman effect as the two probed transitions are symmetrically shifted. Finally, 
THE MAGNETIC FIELD
Zeeman effect
In presence of a magnetic field, both clock levels, that have a total momentum F = 9/2, are split into 10 Zeeman sub-states. The linear shift ∆ Z of a sub-state due to a magnetic field B is
where m F is the Zeeman sub-state (here 9/2 or −9/2), g F the Landé factor of the considered state, µ B the Bohr magneton, and h the Planck constant. Using the differential g-factor between 3 P 0 and 1 S 0 reported in Ref. :
5 ∆g = −108.8(4)m F Hz/G, we can determine the magnetic field by measuring two symmetrical resonances. Fig. 2 shows the typical resonances observed with a magnetic field B = 0.87 G in the case of two π-transitions on the m F = ±9/2 sub-states. The linewidth is of the order of 30 Hz, essentially limited by Fourier broadening in order to facilitate the locking of the frequency on each resonance. This linewidth correspond to an atomic quality factor Q = 1.4 × 10 13 . At this magnetic field, the successive π-transition are separated by 96 Hz, which is high enough to entirely resolve the Zeeman sub-structure with that type of resonance and to limit possible line-pulling effects to below 10 −15 .
Magnetic field stability
The magnetic field used for pumping and detecting the atoms is provided by two coils in Helmoltz configuration to produce a constant field at the center of the trap. They are fed by a fast power supply monitored by computer to reach the desired intensity in a few ms. This setup requires to characterize accurately the stability of the magnetic field, the residual magnetic field fluctuations being a possible issue for the clock accuracy and stability. It is not trivial to determine the field seen by the atoms by measuring it directly, but the Zeeman effect can provide a precision measurement of this field and its calibration when we measure the clock transition for two symmetrical transitions. When probing the two transitions for the m F = ±9/2 sub-states, the difference between the two frequencies can be related to the magnetic field using Eq. 1: ∆ν = 9∆gµ B B/h. This way we could calibrate the magnetic field. To evaluate this stability, the magnetic field has been calculated every 64 cycles for each measurement. We chose a particular set of parameters (B = 0.87 G and a modulation depth of the numerical servo-loop of 10 Hz) that have been repeated a large number of times during the measurement campaign. We then concatenated all the data and calculated the Allan standard deviation to determine the long term stability of the magnetic field (typically several hours). The result is plotted on Fig. 3 . The deviation is 10 −2 in fractional units at 32 s, and going down following a τ −1/2 law for longer times, which is typical of white noise. The deviation for long times is below 10 −3 . For a magnetic field of 0.87 G, this represents a control of the magnetic field at the mG level over long timescales and guarantees the relevance of the calibration made with all the measurements. This also means that the fermionic isotope can be used to calibrate the magnetic field every few hours.
SYSTEMATIC EFFECTS
All the measurements have been done in different experimental conditions. To be able to evaluate correctly the different systematic effects occurring with our setup, we operated with various values of the magnetic field, the modulation depth of the numerical servo-loop, the duration and the power of the clock laser pulse. Among all this, three measurements have been repeated in the exact same configuration of parameters in order to evaluate the stability of the clock and have an evaluation of the clock frequency. They were performed with a clock laser pulse of 20 ms, and three different sets of values (magnetic field; modulation depth of the servo-loop): (0.87 G; 7 Hz), (0.87 G; 10 Hz), (1.4 G; 7 Hz).
Magnetic sensitivy
The evaluation of the clock has been performed for different magnetic field values up to 6 G. As explained before, our method of interrogation makes the measurement independent on the first order Zeeman effect, the two transitions being symmetrically shifted as compared to the clock frequency. On contrary, both resonances are shifted by the same quadratic Zeeman shift which has to be evaluated. From the calibration of the magnetic field, we could evaluate the dependence of the transition frequency as a function of this field. The results are plotted on Fig. 4 . We made a large number of measurements to test the consistency of our results according to theory. The line plotted on the graph represents the expected quadratic dependence of −0.233 Hz/G 2 where we adjusted the value at zero magnetic field to fit the data. The statistical uncertainty on this fit is 0.2 Hz, and the residual first order effect is less than 1 Hz at 6 G. At B = 0.87 G, where most of the measurements were done, the correction due to the magnetic is only 0.1 Hz (see Table 1 ). 
Effects of the trap
This new configuration allowed us to perform an accurate evaluation of the control on the trapping effects. All the measurements have been corrected for the magnetic and the blackbody radiation shifts, and averaged according to the trapping depth. The dependence of the clock frequency on the depth of the trap is plotted on Fig. 5 . Measurements have been done with depths from 50 to 500 E r , corresponding to a light shift of the levels up to 1.8 MHz. Over this range, the scatter of points is less than 2 Hz and the uncertainty of each point less than 1 Hz. The control of this effect has been evaluated by fitting the data with a line. The slope represents a shift of 0.3(0.3) Hz at 500 E r , that is to say a control of the differential shift at the 2 × 10 −7 level.
This result already represents an accurate control of the effects of the trap. At the ultimate working conditions of the clock, we will operate with a trapping depth of 10 E r to cancel the motional effects efficiently . 6 The light shift corresponding to this depth is 36 kHz for both level, or 8 × 10 −11 in fractional units. The kind of control we have here corresponds, in these conditions, to a control of this effect in the 1 − 2 × 10 −17 range, already two orders of magnitude smaller than the best accuracy achieved on such a clock.
Uncertainty budget
Other systematic effects have been evaluated in order to perform a precise accuracy budget for this clock. They are all listed in Table 1 .
The light shift due to the probe laser is essentially due to the coupling of 1 S 0 with 1 P 1 and of 3 P 0 with 3 S 1 . The typical light intensity used for the clock evaluation was of a few mW/cm 2 . By varying this intensity, no visible effect was observed at the typical intensity. A more precise evaluation has however been done using the study of this same effect in our setup working with 88 Sr . 14 The measured light shift for an intensity of 6 W/cm 2 was in this case of −78(11) Hz. The corresponding effect for our current setup, where the probe power was 3 orders of magnitude smaller, is about 0.1 Hz with an uncertainty in the 10 −2 Hz range.
To evaluate the blackbody radiation shift, we performed a temperature measurement using two Pt thermistances on each side of the vacuum chamber. Using the theoretical calculation of this effect , 15 the temperature and fluctuations measured over several days lead to a value of 2.39 Hz. Other effects like line pulling and cold collisions shifts have been evaluated to be at the same level as in our precedent evaluation of the clock.
The 1 Hz value attributed to measurement in Table 1 corresponds to the experimental reality of our measurements. Our measurements were performed essentially in the three reference configurations cited above. However, the series of measurements at B = 1.4 G presented an unusually large scatter of points (see Fig. 6 ) that we couldn't relate to any particular physical effect. The value of 1 Hz corresponds to an increased statistical uncertainty considering this unknown behavior. Finally, the extrapolated value at zero trapping depth is the value of the unperturbed clock frequency. We measured ν clock = 429 228 004 229 873.7(2.6) Hz. The global uncertainty, 2.6 × 10 −15 in fractional units, corresponds to the quadratic sum of all the uncertainties of the systematic effects listed in Table 1 . We also calculated the stability of the clock compared to the atomic fountain FO2 in the (0.87 G; 7 Hz) configuration (see Fig. 7 ). It behaves as 6 × 10 −14 τ −1/2 which is characteristic of frequency white noise. After one hour of integration, the stability reaches the 10 −15 level, corresponding to a measurement resolution of approximately 0.5 Hz. 
INDEPENDENT EVALUATION OF THE DIFFERENTIAL LANDÉ FACTOR
Using the clock with spin-polarized atoms can also allow the evaluation of the differential Landé factor between the 3 P 0 and 1 S 0 states with accuracy. It can be performed by measuring two different kinds of transitions, π and σ. Even though the value of this factor was used before to calibrate the magnetic field, it is not necessary for this evaluation. The only important information needed about the magnetic field is its stability in time. We performed two successive measurements, the first one on the m F = 9/2 → m F = 7/2 σ-transition (and its symmetrical) and the following one on the classical m F = 9/2 → m F = 9/2 π-transition. To probe the σ transition, we turned the polarization of the clock laser perpendicular to the magnetic field, thus mixing both σ + and σ − polarizations. The same method was used to measure the frequency, but no measurement of the magnetic field was performed. We used the same current in the coils for the two measurements. Considering the stability of the magnetic field, the uncertainty on its value after averaging over one hour (the duration of each measurement) is less than 1 mG which is sufficient for our matter. Using Eq. 1, and considering that the magnetic field for the two measurements is identical to within 10 −3 , we can relate the Zeeman shifts to the ratio of the two Landé factors :
The shift is directly given by the difference between two symmetrical measurements, and the Landé factor for the ground state is known with precision : g(
16 It leads to a value for the differential factor g(
CONCLUSION
This work allowed us to confirm the value of the 1 S 0 → 3 P 0 transition frequency for 87 Sr atoms that we already performed with a refined study of the systematic effects. It is in agreement with the other measurements done in University of Tokyo and JILA, with which our values agree to better than 10 −15 .
To control the uncertainty that was caused by the fluctuations of the magnetic field without optical pumping, we turned the magnetic sensitivity of the clock states into an advantage using the optical pumping scheme. This way we could control the atoms contributing to the clock signal and make a measurement of not only the clock frequency but also of the magnetic field. This is a strong motivation for the use of fermionic atoms in optical lattice clocks: even though they are sensitive to the first order Zeeman effect, the magnetic effects are theoretically very well known, and only a precise measurement of the magnetic field is requisite. Moreover, only a small magnetic field is necessary to raise the degeneracy of the Zeeman structure, inducing shifts of less than 0.1 Hz.
This sensitivity can also be used to improve the operation of the clock with bosonic atoms, such as 88 Sr,
14
which are insensitive to first order Zeeman shift due to zero nuclear spin. As the 1 S 0 → 3 P 0 is in this case totally forbidden for one photo excitation, a possibility to run the clock is to quench the 3 P 0 and 3 P 1 states using a static magnetic field. To correct the second order Zeeman shift induced by this magnetic field, it is important to calibrate precisely the magnetic field, and that can be performed with 87 Sr atoms. Moreover, the measurement of the clock frequency for the boson being a way to have a better knowledge of the oscillator strengths of the different transition, this could help improve the determination of the blackbody radiation shift, which would in turn improve the accuracy of the 87 Sr clock.
